Abstract: The ER resident chaperone molecule GRP78 has been shown to translocate to the cell surface where it associates with Cripto and signals cell growth, playing a still partially understood role in tumorigenesis. Consequently, a better understanding of GRP78 topology and structure at the surface of cancer cells represents an important step in the development of a new class of therapeutics. Here, we used a set of programs for creation of a complex containing GRP78 and Cripto proteins. We elucidated possible interactions of GRP78, Cripto, and their complex with the membrane. Using molecular dynamics simulations, we demonstrated that Cripto binding to GRP78 completely changes the dynamics of its behavior on the membrane, not allowing GRP78 to disconnect from it, thus enabling GRP78 tumorigenic functions.
Introduction
The endoplasmic reticulum (ER) resident chaperone molecule GRP78 is the master regulator of the ER stress response. It regulates the activation of three ER transmembrane-bound sensors, IRE1a, ATF6, and PERK. 1 Under normal circumstances, these three sensors remain inactive through luminal association with GRP78. However, upon stress conditions within the cell, GRP78 dissociates from these three sensors, allowing each of them to activate downstream signaling cascades to normalize protein folding and secretion. GRP78 plays numerous roles in the tumorigenesis of various organs. 2 GRP78 can translocate to the surface of cancer cells where it serves as a signaling molecule for cell growth by activating PI3K. [3] [4] [5] [6] The nature of surface-expressed GRP78 is poorly understood, but several reports indicate that it associates with Cripto, a multifunctional cell surface protein encoded by the CFC1B gene with important roles in vertebrate embryogenesis and the progression of human tumors. 7, 8 Cripto and GRP78 interact at the cell surfaces of cancer cells, and their interaction is most likely independent of prior association within the ER. Thus, elucidation of the molecular interaction between GRP78
and Cripto is a key to comprehending the initiation of growth signals, and interaction that has until now received very little attention. Because surface-located GRP78 is important in tumorigenesis, a better understanding of its topology and structure at the surface of cancer cells represents an important step in the development of a new class of therapeutics, such as small molecules or antibodies. However, any such development requires a detailed enumeration of the residues that interact with its ligand Cripto and of the sites that are potentially accessible after the interaction with Cripto has taken place. Here, we report our initial efforts to define the structural characteristics of the membrane interaction between GRP78 and Cripto.
Results

Homology modeling
We used the crystal structure of GRP78 (PDB ID 3ldl). It consists of two functional domains: a nucleotide-binding domain (NBD) and a substratebinding domain (SBD). The NBD binds and hydrolyzes ATP, and the SBD binds polypeptides. 9 It was shown before that the GRP78 construct (D19-68 GRP78) binds to Cripto; 10 therefore, the GRP78 residues 19-68 are important. The N terminal of the crystal structure of GRP78 resolved residues start from Asp26; therefore, seven essential residues of the SBD is lacking. We created a homology model using the MOE software 11 and the full sequence of GRP78. 12 The missed part of the N terminal is MKLSLVAAMLLLLSAARAEEEDKKE. Because the only area of interest is the residues 19-68, we replaced only eight amino acids: AEEEDKKE. An image of the homology model is shown in Figure 1 .
Docking of Cripto with GRP78
Using HEX protein docking program, 13 we found possible docking configurations between the homology model of GRP78 and Cripto. HEX suggested 128 docking solutions for the complex. The docking score for each complex was calculated as a function of the degrees of freedom in the search, and can be interpreted as a scaled representation of the interaction energy, which was minimized. Previously it has been derived from experiments 9 that the region in GRP78
with the greatest probability for docking with Cripto is between the residues Glu19 and Thr68. That is why we selected the GRP78-Cripto complex docking solutions in which the established region of importance of GRP78 (Glu19-Thr68) was within a feasible distance to Cripto to further study. Furthermore, docking solutions with at least two points within the complex at which GRP78 and Cripto were close enough to have notable interactions, such as solution 3, were marked for further review. More details of interactions between the residues of these molecules are presented in Table S1 .
Orientation of the GRP78-Cripto complex on the membrane
The next step in our study was to find a possible location of the GRP78-Cripto complex on the membrane. We examined all the selected GRP78-Cripto complex solutions produced by the docking for their possible affinity to the membrane bilayer. To predict membrane interaction, we used the Membrane Optimal Docking Area (MODA) 14 and Position of Proteins in Membrane (PPM) 15, 16 servers (see Materials and Methods section). Our prediction resulted in numerical values assigned to each surface residue representing the likelihood of that residue being involved in a membrane interaction. MODA scores above 40 were expected to be membrane interaction sites, scores between 20 and 40 are possible interactions, and scores below 20 were generally viewed as unlikely interface residues. Table I shows the residues interacting with the membrane in the complex and in the separated individual molecules GRP78 and Cripto. The membrane affinity prediction scores for an isolated GRP78 without the docked Cripto showed relatively weak affinity and low likelihood for interaction with the membrane, while Cripto individually had very high scores, notable for around 60% of the residues, showing its generally strong attraction to the bilayer (Table I) . Analyzing the 128 solutions of the docking residues and orientation of each solution's complex on the membrane, we selected four (3, 90, 98, and 34) in which Cripto's residues interacted with the 19-68 region of GRP78, which was experimentally shown by Kelber and co-authors. 10 The docking residues involved in the interactions between GRP78 and Cripto in the complex and the distances of the closest pairs of heavy atoms are shown in Table S1 . The criteria used to select the complexes included the presence of the experimentally confirmed residues at the binding site (residues 19-68 on GRP78) and the likeliness of the complex to bind to the cell membrane, which was calculated using the PPM server. As it was shown by Maheshwari and Brylinski, 17 existing experimental binding-site information significantly improves computational docking results. Docking results for GRP78 and Cripto, as well as results for the four selected solutions of the complex, are shown in Table II . After analysis, solution 98 was chosen for further validation (see more details in Table III) . Images of GRP78, Cripto, and the complex (solution 98) binding individually to the membrane are shown in Figure 2 (A-D). Residues of the complexes interacting with the membrane are presented in Table S2 .
Dynamic properties of GRP78-Cripto complex
Molecular dynamic (MD) simulations of the GRP78-Cripto complex near the cell membrane were conducted to study the behavior of the complex and its interaction energy with the lipid bilayer. The GRP78 protein and the GRP78-Cripto complex were both simulated in MD for 120 ns, with the resulting coordinates saved every 10 ps for analysis. Both simulations began with a starting position corresponding to the results from the PPM server. For GRP78 individually, the simulation showed the protein having only weak attractions to the membrane at 25 ns of MD [Table S3 and Fig During the molecular dynamics simulation, the energy of interaction of the complex with the membrane notably increased between 25 and 50 ns, and stabilized by 120 ns (Fig. 5) . For the single GRP78, the energy of interaction with the membrane improves until around 35 ns, and then sharply decreases and goes to zero with GRP78 disconnecting with the membrane. The interactions of the GRP78 residues with the membrane at 25 ns are presented in Table S3 .
By the end of the recorded simulation (120 ns) for the GRP78-Cripto complex on the membrane, the original docking position was adjusted. The interactions between the GRP78-Cripto complex and the membrane during the molecular dynamics simulation are shown in Table S4 .
Discussion
The GRP78 protein is important in tumorigenesis not only as integral component of the ER stress response in the endoplasmic reticulum, but also as it is translocated to the cell surface where it mediates growth signals. 4, 5 Cripto has been previously shown to be a ligand for the surface-expressed GRP78. 6, 7 Here, we explored the possibility that Cripto, when binding to GRP78, creates a GRP78-Cripto complex that attaches to the membrane, not allowing GRP78 to disconnect from it, enabling its tumorigenic functions. We reviewed the set of possible docking configurations of GRP78 with Cripto to find their possible affinity to the membrane. Membrane interaction studies of GRP78 alone and in the complex with the Cripto predicted the weak interaction of GRP78 with the membrane. On the contrary, Cripto by itself was predicted to have very strong interactions with the membrane. For the GRP78-Cripto complex, the highest predicted membrane-interaction values representing the affinity to the membrane were from the Cripto residues, rather than the GRP78 residues, which had only weak attractions to the membrane. Consequently, membrane-interaction study showed that the complex would be attached to the membrane as a peripheral protein with most of the embedded residues being from the Cripto region of the complex. These results suggest that it is the Cripto bound to the GRP78 which plays a crucial role in the attachment of the entire complex to the membrane at the initial stage of complex formation.
To study the possible stability of this complex on the membrane, we conducted MD simulations of GRP78 alone and in the complex with Cripto. The MD simulation shows that GRP78 alone from its starting position with weak attraction to the membrane soon detaches completely after 50 ns of MD. The MD simulation of the GRP78-Cripto complex, from the same starting position with GRP78 weakly interacting with the membrane, shows that the entire complex immediately adjusts due to the strong attraction of Cripto to the membrane. By 75 ns, Cripto and GRP78 have notable contacts with the membrane, and up to 100-120 ns, the complex continues adjusting as distances between Cripto and the membrane are decreased, and the interactions increase. The improved docking between GRP78 and Cripto within the complex is also noted through specific interactions between the residues, and throughout the simulation, GRP78 and Cripto remain attached to one another. In general, we demonstrated that the Cripto protein stabilizes the position of GRP78 on the membrane, making it possible for it to fulfill its function on the surface of cancer cells, where it serves as a signaling molecule for cell growth by the activation of PI3K.
Materials and Methods
Approach overview
To study the mechanism of interaction of the GRP78 with the cell membrane and Cripto, we needed to define the significant residues of interaction. The flowchart of approach is shown in Figure 6 . On the first step, using the MOE program, we restored the missing GRP78 residues that most likely bind to Cripto 10 and created a homology model. On the second step, we simulated the docking of GRP78 to Cripto, using the HEX docking program. Obtained solutions were analyzed to select those that correspond to experimental data. 10 The third step consisted of locating where GRP78, Cripto, and the selected GRP78-Cripto complexes bound to the membrane. The fourth step included verifying binding energies with the MODA server and finding the best solution. Then, on the fifth step, molecular dynamics simulations were conducted.
Homology modeling
The substrate-binding domain of the GRP78 crystal structure started from Asp26; therefore, seven essential residues of the N terminal (UniProt # P11021) were absent. To add them, we conducted using Amber10:EHT forcefield with a Reaction Field (R-Field). A homology model with better RMSD and contact energy was chosen.
Docking methods
Docking of GRP78 and Cripto was conducted with the HEX 8.0.0 software. 13 HEX is a docking and superposition program using spherical polar Fourier (SPF) correlations to accelerate the calculations, and it has built-in graphics to view the results. Besides the protein-protein interactions, HEX also calculates protein-ligand docking, assuming the ligand is rigid, and superposing pairs of molecules on the base of their 3D shapes. Docking solutions of GRP78 and Cripto, which were defined as a receptor and a ligand, respectively, inputted as PDB files, were identified based on the calculations of the docking and superimposition program HEX. The interactive graphics display defaulted the two molecules with the molecular skeleton and side chains visible while the hydrogens, H-bonds, residue ID, animated ribbons, harmonic surfaces, solid surfaces, and solid model remain hidden. The reference state, or starting position, was established by taking the frequency of interactions from a decoy set of near-native conformations with solely good docking complementarity. Given the data for the crystal structure of the complex position desired, a separate complex structure PDB file may also be uploaded and used as the reference orientation to evaluate the accuracy of the docking prediction. Calculating the correlation of surface shape and electrostatic charge between GRP78 and Cripto to obtain an overall docking score, all the feasible conformations within a 3D space are identified and modeled, the process of which is accelerated by using the conventional fast Fourier Transform.
The docking process used the parameters such that the steric scan (N 5 18) phase will be performed 
Study of protein-membrane interactions
The preliminary position of the GRP78-Cripto complex on the membrane was estimated using the Position of Proteins in Membrane (PPM) server, version 2.0. 15 The method 15 uses the Orientations of Proteins in Membranes (OPM) database 16 of known membrane-interacting proteins and their 3D structural classification, topology, and intracellular localization sorted into superfamilies, families, and membrane classes to calculate the spatial positions of proteins in membranes. Resulting information includes membrane penetration depth and DG transfer energy (protein transfer energy from water to the lipid bilayer), calculated as the sum of the area of the protein accounting for van-der-Waals and Hbonding interactions and the electrostatic interactions. The GRP78-Cripto complex from the docking calculations was submitted to the PPM server. Calculations excluded heteroatoms, water, and detergents, and used the outer topology model for the membrane PPM server outputs contained: hydrophobic thickness, tilt angle, transfer energy, a table of embedded residues, and a coordinate file for the protein positioned in the lipid bilayer. The GRP78-Cripto complex is declared by the PPM program as a peripheral protein, reflected in the minimum transfer energy being around 215 kcal/mol. To validate the rotational and translational position of the GRP78-Cripto complex on the membrane resulted from PPM server, the Membrane Optimal Docking Area (MODA) method 14 was used. MODA detects and calculates interactions between the lipid bilayer and the residues of proteins contacting the membrane. MODA considers multiple aspects of a protein and the bilayer, including electrostatic interactions, hydrophobic groups inserted in the bilayer, specific lipid binding, and membrane curvature. When calculating the position and characteristics of the GRP78-Cripto complex on the membrane, it was uploaded as a single PDB file. Based mostly on the complex's overall 3D shape, a surface patch of a 5 Å distance from the protein's atoms is generated to predict the strength of interaction with the membrane. By establishing a sphere of influence of a given distance, the membrane interactions at that point were calculated with consideration of the residues in the vicinity as well as the general complex shape.
Molecular dynamics
Both the GRP78-Cripto complex and the individual GRP78 protein on the membrane were simulated using the AMBER16 software. 18 Simulations of GRP78 in a complex with Cripto were based on the docking of Cripto to the crystal structure of GRP78. The GRP78-Cripto complex was placed in close proximity to an equilibrated bilayer consisting of 20% DOPS (1,2-Dioleoyl-sn-glycero-3-phosphoserine) and 80% DOPC (1,2-Dioleoyl-sn-glycero-3-phosphocholine). The complex was oriented so that the residues known to interact with the membrane were facing the bilayer. The system was solvated in a water box encompassing the protein with extensions in the XYdimensions identical to the lipid bilayer. Starting coordinates for simulations of GRP78 in absence of Cripto were prepared by replacing Cripto with water molecules while keeping the rest of the system identical to the GRP78-Cripto complex. Simulations were performed using the GPU-accelerated PMEMD module 19 implemented in the AMBER16 molecular dynamics software package, 18 applying the ff14SB (http://pubs.acs.org/doi/abs/10.1021/acs.jctc.5b00255) and lipid17 20 forcefields. Periodic boundary conditions with particle mesh Ewald summation 21 of electrostatic interactions were applied and van-derWaals interactions were truncated with a 10 Å cutoff. SHAKE was used to constrain bonds involving hydrogen atoms. After 10 000 steps of minimization, the systems were subjected to 5 ps of gradual constant volume heating (NVT) from 0 to 100 K followed by 100 ps gradual constant pressure heating (NPT) applying anisotropic Berendsen coupling 22 with ref-
erence pressure set to 1 bar. Temperature was regulated with the Langewin thermostat 23 gradually over 100 ps from 100 to 303K. Weak restraints maintained by a force constant of 10 kcal mol 21 Å 22 were applied to the proteins and lipids throughout both heating steps. The systems were finally simulated at constant pressure conditions (NPT) without restraints for 120 ns at 303 K and the resulting coordinates were saved every 10 ps for analysis.
